The presented research work focuses on the utilization of alternative sources of renewable energy, mainly solar energy, for satisfying the energy demand in buildings. One such possibility is through Building Integrated PhotoVoltaics (BIPV) and improving energy efficient features through passive solar design in the buildings. The research team has studied two design cases, an existing building of 2011.12 m 2 and a new building of 100 m 2 ground area suitable for BIPV installation in Central Gujarat region of Western India. The paper includes literature review on type of field data required, parameters for energy efficient buildings, and estimation of solar energy generation on buildings, techno-economic analysis and feasibility of BIPV. The team's analysis on both cases reveal that BIPV retrofitting in existing building is found to be expensive over designing a building with BIPV as pre-thought. Also BIPV modules produced excellent architectural form and enhanced overall aesthetics of the building. The BIPV as pre-thought has been found to be cost effective since they just not act as energy producer, but also reduces the cost of building materials it replaces. Taking into consideration, the multi-beneficial nature of BIPV, we estimate the payback period to be 5-15 years depending upon the type of connection (Grid-connected or Stand-alone), amount of energy replacement by BIPV and the existing Government policies and incentives. (WC = 215) 
Introduction
With the recent economic and industrial development and GDP growth rate reaching about 7.4% in India [1] , it has come out as major energy consumer among the developing countries globally. According to the Government of India, Ministry of Statistics and Programme Implementation, the per capita energy consumption has increased almost four-folds in four decades during 1970-2010 year. But in a period of 1980-2010 during last three decades, India's annual energy consumption has increased five-folds (4 quadrillion Btu to 22 quadrillion Btu) [2] . This owes to the improved urban living standards and advanced means of energy consumption from households to industrial sector. Buildings in India generally are responsible for at least 30-40% of energy use and this demand is growing annually at 11-12%, which is almost twice the average electricity growth in the economy which is 5-6% annually [4] . GRIHA manual [1] cites that there is an increased demand of about 5.4 billion units of electricity annually for residential and commercial buildings. In a typical building, approximately 80-90% of the energy is consumed for heating, cooling, lightning and other appliances [5] . The other 10-20% is utilized during construction and material manufacturing. Apart from being a leading energy consumer in the infrastructure sector, buildings are also prime generators of Green House Gases (GHG), thus posing a threat to the environment. Globally, the urban areas contribute 70% while the housing construction and estate development contribute 40% to the GHG emissions. Buildings contribute approximately 50% of the world's air pollution, 42% of GHG emissions, 50% of water pollution, 48% of solid waste and 50% of CFCs (chlorofluorocarbons) to the environment [1] . This is an alarming issue which needs to be addressed by developing energy efficient building design which would facilitate minimization of energy consumption and will spur sustainable growth. On a macro-view, buildings in India are seldom designed to reduce the embodied and operational energy. Trends are rising on reducing the water needs and technologies to recycle used water for secondary usage are getting implemented. Still, the energy issue remains unaddressed. Energy efficient building design in India on a macro-scale can prove to be the most promising option since the building sector has the largest potential for reducing GHG emissions significantly.
Nomenclature

Literature review
BIPV has emerged as a principal source of energy with excellent integration as building element. BIPV has not only been considered as energy producer technology but also as building material for enhancement of the building aesthetics. S Wittkopf et al 2008 [7] presented design of BIPV in Singapore's first Zero-energy building at Building Construction Authority. It provided guidelines for integration as multifunctional behaviour of PV was assessed. They studied feasibilities of installation sites including skywalk, walkways, and parking lots. The results of the estimated PV production were compared with the demand and were found to be encouraging. In recent research study by S N Tabriz et al 2011 [8] , they integrated architectural design with BIPV system, thus proposing reforms in the planning side with BIPV as pre-thought. Emphasis has been laid on designing houses that supports human health and provide natural heating, cooling, ventilation and insulation along with BIPV systems. John Byrne et al 2001 [9] in their research studied performance of Mono-and Poly-crystalline PV modules in Shanghai, China calculating the PV value, cost and payback period. They have considered rooftops and curtain walls for installation of PV modules. Analysis is done on a hypothetical location for thin film and polycrystalline PV modules. Emphasis is laid on multi-tasking of BIPV and payback period is estimated to be less than five years. K. Kurokawa 2001 [10] in their paper on grid-connected PV systems for studies on residential, commercial and industrial buildings. It concentrates on centralized connections having 1 MW PV plant installed on tops of the residencies in Bremen, Germany. Commercial buildings provide potential on facade installation whereas industrial buildings support installation on roof, wall and parking spaces and street lights on roads.
Methodology
We have adopted solar passive design and BIPV for self-energy sufficient building while optimizing the demand for day-lighting and heating. Thus, a combination of both components not only ensures enhancement in energy efficiency but also paves the way for net-zero energy building. The parameters considered for designing are potential site, climatic condition along with technical and socio-economic status of the user. It is to be noted that potential site for installation refers to the site which is exposed maximum to solar irradiance during the day and it is least affected by shadowing. It includes site location (latitude and longitude), orientation and area of the potential site. Climatic conditions include solar irradiance corresponding to tilt and azimuth of the site. Socio-economic status include prevailing energy demand for existing building and anticipated energy demand based on occupancy for new building, capital investment, Government subsidy and feed-in tariff and payback period. Technical status includes market availability of PV panels and suitable Balance of System (BOS) affects the economy and size of PV array. Design is also affected by the choice of grid-connectivity of the system i.e. off-grid or grid connected.
Formulae used in calculation of energy generation, estimation of required area and cost
It is assumed that the BIPV installation will meet the total energy demand for entire building. The 3-types of BIPV panels have been selected based on their suitability as building material viz. efficiency of 15.35% for Multi crystalline C-Si panels with 250 Wp, 10% for Multi crystalline BIPV modules (Glassto-Glass laminates) with 135 Wp and 7% for Multi crystalline A-Si thin Film panels conventional PV panels with 85 Wp. As per prevailing market survey, it is presumed that mounting, accessory cost, and labour cost will be 25% of the total cost [11] . The other factors are DC-to-AC Derate factor is 0.7 (worked out based on Indian conditions); 30% Government subsidy up to 1kW for residential installation and up to 100kW for institutional and commercial installation [12] ; Feed-in tariff is Rs. 11.57/kWh fed in the grid for 25 years for the period of April 1, 2013 to March 31, 2014 [13] ; energy cost of Rs. 6.5/kWh.
Calculation of required area for PV installation
The area requirement for PV has been calculated using an iterative process. First the maximum energy demand is calculated/ forecasted based on primary building survey and BIPV area is calculated considering the minimum solar irradiance on the south facing surface having latitude tilt using eq. (1). Then through iterative process required area for BIPV installation is compared with available actual area available on the potential site. The priority surfaces available for solar installation in decreasing order have been sunshade, skylight, rooftop and finally façade. This iterative process will stop once area required is equal to or less than available area for BIPV. The irradiance data used for the calculations of area and energy generation over various components is provided by IWEC [14] .
A req = (1)
Calculation of estimated energy generation when the area for installation is known
Energy generation estimation is based on solar irradiance on the corresponding surface, efficiency of the selected PV panel, DC-to-AC Derate factor and area available over the potential site. Thus the energy generated is given by E = (2)
Calculation of Battery size
Battery size is calculated based on installed capacity, hours of battery operation and the battery voltage available as given in eq. (3). It is to be kept in mind that battery size is generally taken 20-25% more to ensure sufficient and anticipated future demand fulfilment.
Battery size (Ah) = (Installed capacity × Hours of operation)/Battery voltage (3)
Calculation of Payback period
Payback period depends on the net cost, annual savings and annual earnings. This paper does not include cost of building material being replaced by BIPV panels and accelerated depreciation mechanism for payback cauculation.
Prevailing market price of PV Panels and BOS in Indian market used for cost calculation
The prices of PV panels based on market survey undertaken by the research team during April- 
Analysis and Discussion
This research paper has analysed the potential of BIPV and passive solar design for two building types in and around Gandhinagar city. The first case displays an institutional building at Pandit Deendayal Petroleum University (PDPU) campus SPT-1 having a plinth area 2111.12 m 2 ; and the second case is a virtual residential building having plinth area of 100 m 2 in Gandhinagar city. The first case relates to retrofitting using BIPV while the second case exhibits a combination of passive solar design and BIPV to demonstrate maximum energy efficiency.
Retrofitting of SPT-1 building of PDPU using BIPV
The SPT-1 building in the PDPU campus consists of 10 class-rooms, 9 laboratories, library, faculty wing, offices and the reception area. A survey had been done by the research team to collect the building drawings, existing energy demand and physical features of the building. The building orientation is 30⁰ west of south; direction of the façade wall is east; length of façade wall is 98.225 m; the wall is exposed to 4.81 kWh/m 2 solar irradiance on vertical surface on an average in January with an exposure of 6 hours; the area exposed to sunlight on façade wall is 1028.4 m 2 with openings accounting for 471.65 m 2 ; plantation in the front of the wall is up to a height of 2.92 m and shadow almost the ground floor; the building's main energy consumption is from 09:00 hrs to 18:00 hrs i.e. for 9 hours daily. During the analysis, it has been found that the building has its longest side having a length of 98.22m due east orientation. Some plantation is done up to the height of ground floor on the east façade of the building. The class-rooms are located on this wall and thus major aspects are on this wall. This side provides possible PV installation on walls, windows and the sun-shades; the South face of the building is 34.9 m long. The major concern is the shadowing due to the dense canopy trees on this wall which restricts the available area for PV installation; 37% of the façade area on the West elevation is available for the installation and rest 63% is under shadow. The average daily demand from July-09 to May-12 has been collected from Amenities and Logistics Department of PDPU Gandhinagar. The electrical consumption has increased four folds as it can be seen from Figure 2 [13] . The trend can be attributed to increase in occupancy, increased use of high voltage appliances. Furthermore it can also be inferred from the figure that the energy demand is less in the months of November to January and is high in the months of March to September. The high electrical demand of the SPT-1 buildings calls for the use of alternate sources of energy based on the renewable sources. BIPV system is selected as an alternate energy source to replace full or partial demand of the total demand.
Calculation of energy generation on various sites on Façade wall
Based on the area calculated from building plan and elevation, potential solar sites available on the various components of the façade wall such as sunshades, adjacent walls and windows have been considered for installation. The energy consumption in the period of July 2011 to June 2012 has been selected for the purpose of calculation. Thus, the energy generated from potential sites will be compared with average daily demand as shown in Para 6.1 above. Table 1 shows position of installation, average irradiance and type of panels used. Table 2 shows the average daily consumption of SPT-1 building during various months. The minimum consumption is witnessed in the months of January having 278kWh followed by February 300kWh while maximum consumption of 768kWh is being witnessed in the months of July and June respectively. Table 3 shows the comparison of area required and the area available on sunshade, adjacent walls and window based on the calculation done using eq. (1). The maximum area available for BIPV installations has been 46.8% of total required area for installations. Therefore, total energy demands of SPT-1 building from BIPV installations are not being met. It shows the remaining unsatisfied demand after each installation under column 2. However, it is to be noted that sunshade has a reduction potential of 17.29%, adjacent wall has a reduction potential of 16.43% and window has a reduction potential of 11.99%. It is also to be noted that although installation area is 36.17% of the total built-up area, it replaces 45.71% of the total energy consumption. Daily average of energy generated by BIPV on available area of 763.67 m 2 has been calculated using eq. (2). The daily energy generation is shown in Table 5 . The calculation of CO 2 emission is done using online calculator provided by www.carbonify.com which considers that saving one kWh of energy saves 8.9 g of CO 2 [16]. The cost and payback period has been based on Solar Power Policy (2009), Government of Gujarat on subsidy and incentives (feed-in tariff, acceleration depreciation benefits) for Solar Photovoltaic kilo-watt scale installation [17] .
The present installation replaces 45.71% of the energy demand. The total area under installation from Table 3 is 763.69 m 2 which is 36.17% of the total area on the facade replaces 45.71% demand. It can be seen from figure 3 that the production exceeds the demand in the months of January and February thus providing surplus production. In the rest of the period of the year the demand exceeds the production. Since the time for which the solar power is available is in synchronization with the period of peak demand and the production is less than the demand for major period of the year, the production is utilized on site thus eliminates the use of battery bank reducing the economy.
The CO 2 emission is reduced by 30.47% which thus justifies BIPV as a means to reduce the GHG emissions due to buildings' energy usage. The reduction in CO2 emission is found to be high in the months of May to August which also helps in reducing in reducing the surface temperature if seen on a macro level. The average reduction is minimum in the month of December. Table 4 and 5 shows the cost and economic details related to the BIPV installation at SPT-1 building using costs as stated in para 5.1.5. In addition to it, price for individual component, prevailing government subsidy on renewable energy installation the payback is calculated using eq. (4). However use of Accelerated Depreciation (an incentive provided by Government of Gujarat) in the calculation of payback period, it can be furthermore reduced endorsing its feasibility. 
Design of a residential building with BIPV as a pre-thought
BIPV as a pre-thought has been considered for designing a hypothetical residential building of size 10m x 10m in Gandhinagar. The goal has been to design a residential building which can satisfy the total energy demand as well built-design is aesthetically appealing. The important parameters considered are building orientation (180 degree north); proper positioning of aspects and openings to maintain ambient built environment throughout the day. Outdoor plantation in the veranda has been recommended to reduce the ground reflectance thus ensuring day lighting with comfort w.r.t indoor temperature. BIPV has been the pre-thought element for the building design for satisfying the energy demand and also to replace certain building elements thus reducing the cost of building material that it will replace. Looking on to the building, few elements which include Façade, Sunshade on the 1 st floor, Skylight and roof stand out as promising potential sites for installation. The highlighted potions show the selected potential sites for installation. Table 6 shows the dimensions of the potential sites selected, their area and the panels selected for the installation. Sunshade enjoys the priority for the freedom that it provides for both-tilting and selection of panel. Skylight is a new concept for Indian buildings which has been selected for demonstration of BIPV as replacement of traditional roofing material. Thus, BIPV modules have been used. BAPV Roof Table 7 has been projected based on the analysis of the survey data. It can be seen from the table that the energy demand experiences a sudden increase in the month of May and June. It is attributed to the increase in the cooling load in summer. The design of BIPV system involves required area calculation which is done using eq. (1). The calculation of the required area has been done using the model discussed in Para 6.1.1. Table 8 shows the comparison of area required and the area available on the potential sites. It shows the reduction potential of each site (%) and also the demand that remains unsatisfied after each installation. Sunshade has the reduction potential of 80.84%, skylight has the reduction potential of 38.65%, Roof has the reduction potential of 29.76% and façade has the reduction potential of 35.40%.
Thus the installation on all of the selected sites yields to completely satisfying the energy demand and having some surplus. Monthly energy generation is calculated using eq. (2). The results are displayed in figure 6 . Thus the results shown in figure 6 justifies the installation as the demand is met round the year and also surplus energy is produced which can be fed to grid or can be used for secondary use or communal use. BIPV system produces surplus throughout the year but exactly matches the demand in the month of June.
The maximum surplus occurs in the month of January to April while the entire demand has been secured. It is also noted from Table 11 that 40% of the total built-up area covering the suitable sites entirely covers up the total energy demand when it is decided to have BIPV from the design stage itself. The CO 2 emissions due to energy usage have been reduced to zero. Table 9 and 10 shows the cost and economic details related to the BIPV installation on the residential building. Size of Battery backup is calculated using eq. (3). The cost of various units has been used from Para 5.1.5. In addition to it, price for individual component, prevailing government subsidy on renewable energy installation the payback is calculated using eq. (4). 
Conclusions
In this research study, two cases have been compared. One; BIPV retrofitting and two; building with BIV as pre-thought. The analysis shows that it is better to design a building with BIPV as a pre-thought against retrofit on an existing building. The later found to be more expensive since it restricts the choice of potential sites and positioning the panel. However, a new design provides an opportunity for suitable building orientation which is impossible while going for retrofitting. An energy production and optimisation model has been developed for the calculation of the required area for BIPV installation. The priority for available surfaces varies from sunshade, skylight, rooftop and façade in decreasing order. The cost and payback period has been based on Solar Power Policy (2009), Government of Gujarat on subsidy and incentives (feed-in tariff, acceleration depreciation benefits) for Solar Photovoltaic kilo-watt scale installation. The solar power policy found to be favourable to the installers/ user leading towards upscaling the growth of solar installation in the state. The solar policy has reduced the payback period significantly and comes out to be less than 7 years for a residential and less than 10 years for an institutional building without availing accelerated depreciation. Furthermore, we find that BIPV technology is promising technology to reduce CO 2 emissions as reduction in the emissions by 30.47% have been possible in the case of retrofitting and have been eliminated in the new design. Finally, we conclude that BIPV is a promising technology and has the potential to reduce the energy crisis across the country and is also a justifiable means for CO 2 emission reduction thus escalating sustainable growth.
